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ThephylogenyofHexapodaathigherlevelshas
beenarguedinvariousdisciplines,buthasnotbeen
settled(cf.Wheeleretal.,２００１).Recently,doubthas
beencastonthehexapodphylogeneticsystem,currently
the mostaccepted,orthe ‘Entognatha-Ectognatha
system’ofHennig(１９６９),especiallyregardingthestatus
ofEntognatha,bysomeapproaches(e.g.,Kukalová-
Peck,１９８７;Koch,１９９７;Kraus,１９９８),includingour
comparative embryologicalcontribution (Ikeda and
Machida,１９９８,２００１;Machidaetal.,２００２).For
phylogeneticargument,thecomparativeembryological
approachisoneofthemostpromising.Inthepastfew
decades,muchembryologicalknowledgeconcerning
hexapodbasalcladeshasbeenaccumulated.Reviewing
theseresults,thehexapodbasalcladesarediscussed
and reconstructed from comparative embryological
perspectives.

MonophylyofDiplura
Thecomparativemorphologyofovarioletypes(cf.

Biliński,１９９４)andspermatozoa(cf.Jamieson,１９８７)
throwssomedoubtonthemonophyleticstatusof
Diplura;however,comparativeembryologicalevidence
stronglysuggestsitsmonophyly,basedontheformation
oftheentognathy,theabdominalmetamerism,andthe
formationoftheprimarydorsalorgan.
Rhabdura(Campodeina)(IkedaandMachida,１９９８)

andDicellurata(Japygina)(Silvestri,１９３３;Sekiyaand
Machida,２００９)shareapeculiarform ofentognathy,
whichischaracterizedby(１)mouthfoldsderivedonly
fromthemandibularandmaxillaryterga,(２)partitioning
oftheposteriorpartofthemaxillarytergumintothe
admentum,and(３)rotationofthelabialappendages
involved.Thesefeaturesrevealedin thedipluran
entognathyareuniquetoEntognatha,andaretoo
peculiarnottopostulatetheircommonacquisitionbythe
twodipluransubordersRhabduraandDicellulata.

Itiswellknownthatbothdipluransuborders
possessonlytenabdominalsegments.Theaberrant

numberofabdominalsegmentsofDiplurahasbeenoften
explainedbythehighlyintensivereductionofthe
eleventhabdominalsegment,whichisrepresentedonly
bycerci(cf.Matsuda,１９７６);however,thismaybe
misleading.Inspectingthedevelopmentoftheabdominal
metamerisminDiplura,itisclearthattenasthenumber
ofabdominalsegmentsiscorrect:nosignsuggestiveof
an‘eleventhabdominalsegment’existsandthecerci
originallyformedasappendagesofthetenthabdominal
segment(cf.IkedaandMachida,１９９８;Sekiyaand
Machida,２００９).Klass(２００１)hadcometothesame
conclusionbasedonacomparisonofadultskeletomuscu-
larmorphologyinEctognatha.
InRhabdura,theprimarydorsalorganhasbeen

knowntobeformedbyaconcentrationofserosalcells
(Uzel,１８９８;IkedaandMachida,２００１),andthismodeof
formationoftheprimarydorsalorgan,whichissingular
in Entognatha,hasbeen regardedasoneofthe
embryologicalcharacteristicsofDiplura(cf.Ikedaand
Machida,２００１).Recently,similarformationofthe
primarydorsalorganwasrevealedinDicellurata(Sekiya
andMachida,２００９).
SimilaritiesinRhabduraandDicelluratainentog-

nathyformation,abdominalmetamerism andprimary
dorsalorganformationaregoodenoughtopostulate
theircommonacquisitionbythesedipluransuborders,
beingregardedasembryologicalsynapomorphies.The
monophylyofDipluraiswellsupported.

EmbryologicalfeaturesofProtura
Protura,althoughgenerallydealtwithasoneofthe

hexapodbasalclades(e.g.,Kristensen,１９７５;Boudreaux,
１９７９),havebeenoftenregardedasrepresentingaside
branchremotefromthemainlineofhexapodevolution
(e.g.,Sharov,１９６６;Manton,１９７７),andarethus
importantinreconstructionoftherelationshipsof
hexapodbasalcladesandelucidationoftheoriginof
hexapods.Recently,evidencesuggestiveofacloser
affinitybetweenMyriapodaandChelicerata(orsomeof
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each)andthatbetweenHexapodaandCrustaceahas
emerged(e.g.,Aguinaldoetal.,１９９７;Hwangetal.,２００１;
SakumaandMachida,２００２),andthemonophyleticstatus
ofAtelocerata(=Myriapoda+Hexapoda)andMandibu-
lata(=Atelocerata+Crustacea)shouldbereexamined.
Inthisbackground,embryologicalresearchonProturais
requiredmorethanever.Ourformertotalignoranceof
proturanembryogenesis,inspiteofmanyattempts,was
duetothedifficultyinrearingproturans.Recently,we
succeededinrearingproturans(MachidaandTakahashi,
２００３,２００４)andobtainedasufficientnumberofeggs,and
wearenowoutliningtheirembryonicdevelopment.Our
ongoingstudyhasrevealedsomeintriguingembryologi-
calfeaturesofProtura(FukuiandMachida,２００６).

Thegeneralfeaturesofembryogenesisinproturans
aresimilartothoseinthelikewiseentognathous
collembolans(cf.Jura,１９７２)anddiplurans(cf.Ikedaand
Machida,１９９８,２００１)inthat(１)theembryoisthelong
germ type,(２)simpleblastokinesisinvolvingonlya
minorchangeofpostureoccurs,(３)aprimarydorsal
organforms,and(４)theembryo,togetherwiththe
serosa,secretesacuticulareggenvelopeorblastoderm
cuticle.Ontheotherhand,inproturanembryogenesis,
theserosaisabletodifferentiateintothedorsalbody
wall–utterlydifferentfromthesituationintheother
entognathous(andhexapod)taxa,inwhichtheserosa
eventuallydegenerateswithoutparticipatinginthebody
wallformation.TheembryonicmembraneofProturais
representedonlybytheserosa.Inthisrespect,Protura
resembleCollembola(cf.Jura,１９７２)butdifferfrom
Diplurainwhichasecondembryonicmembraneor
amniondevelops(cf.IkedaandMachida,１９９８,２００１).

TheentognathyformationofProturaremainstobe
clarified,butourpreliminaryobservations(Fukuiand
Machida,２００９)suggestthatthethreegnathaltergaand
intercalaryelement,whichfuseswiththeclypeolabral
anlage,participateintheformationofthemouthfolds.

StatusofEntognatha
Hennig’s ‘Entognatha-Ectognatha System’(１９６９)

has been widely accepted,with little challenge.
The taxon Ectognathaisindeed wellestablished
andsupportedbyvariousdisciplines,includingour
comparative embryologicalevidence,asmentioned
below.However,thetaxonEntognathamaybefragile,
becauseitissupportedbyveryfewfeatures,amain
pointofwhichistheentognathy.Recentcomparative
paleontological(Kukalová-Peck,１９８７),comparative
morphological(Koch,１９９７),and ourcomparative
embryological(IkedaandMachida,１９９８)approaches
haveprovidednotableevidencediscountingthevalidity
ofentognathy,themostpowerfulautapomorphyofthe
group.
Asmentionedabove,theentognathyinDiplurais

formedbyauniqueplan,andtheentognathyin

Collembolamayhaveanutterlydifferentplan.In
Collembola,unlikeinDiplura,themouthfoldsare
derivedfromthemandibular,maxillaryandlabialterga,
andneithertheformationoftheadmentumnorrotation
ofthelabialappendagesisinvolvedintheformationof
theentognathy(cf.UemiyaandAndo,１９８７).The
differencesinentognathyformationinCollembolaand
Dipluramaybetoosignificanttopostulateacommon
acquisitionbythesetwoorders.Inotherwords,they
maystronglysuggestthattheentognathyhasbeen
acquiredinaconvergentandparallelmannerinthe
lineagesofCollembolaandDiplura.Concerningthese
twoentognathousordersatleast,theentognathyloses
itsvalidityasasynapomorphy(IkedaandMachida,
１９９８).EntognathyformationinProtura,whichisyetto
besufficientlyclarified,isprobablydifferentfromthatin
eitherCollembolaorDiplura(FukuiandMachida,２００９).

Protura(FukuiandMachida,２００６),Collembola(cf.
Jura,１９７２),andDiplura(Uzel,１８９８;IkedaandMachida,
１９９８,２００１;Ikeda,２００１;SekiyaandMachida,２００９)have
significantdifferencesinembryologicalfeaturesother
thantheentognathy:(１)cleavagetype,whichinProtura
andCollembolaisholoblasticortotal,andinDiplura
issuperficial;(２)themannerofendodermaland
mesodermalsegregation,whichinCollembolaisnotso
unusual,butinDipluraisabsolutelyunique(nodatafor
Protura);(３)abdominalmetamerism,whichisuniquein
eachorderashexapods,butindifferentways,Protura
havingnineinitialsegments,increasingto１２duringthe
postembryonicstage,Collembolahavingsixsegments
andDiplurahavingtensegments;and(４)theembryonic
membrane,representedinProturaandCollembolaonly
bytheprimaryembryonicmembraneortheserosa,
whereasinDiplura,asecondembryonicmembraneor
theamniondifferentiates;theserosainProturaretains
theabilitytodifferentiateintothebodyelementasdo
thoseinmoreprimitivearthropodssuchasMyriapodaor
Crustacea,butthoseinCollembolaandDiplurahavelost
suchanabilityduringevolution,aswellasinother
hexapodsorEctognatha.
Thereexistsubstantialembryologicaldifferences

amongProtura,CollembolaandDiplura.Furthermore,
theentognathyhasbeenregardedasthemostreliable
autapomorphyofEntognatha,butitshomologyhas
proved to be doubtful;hence,the monophyly of
Entognathaisnotalwayssubstantiated.

Reconstructionofhexapodbasalclades,basedon
theevolutionarytransitionofembryonicmem�
branes
Machidaetal.(１９９４)andMachidaandAndo(１９９８)

demonstrated evolutionary changes in embryonic
membranesandanageneticaltransitionofdevelopmental
potentials(involvingdorsalclosureandsecretionofthe
cuticulareggenvelope)intheembryoproperand
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embryonicmembranesinHexapoda.Incorporatingnew
informationontheembryonicmembranesofDiplura
(IkedaandMachida,２００１),Zygentoma(Masumotoand
Machida,２００６)andProtura(FukuiandMachida,２００６),
theirconceptwasrevisedbyMachidaetal.(２００２)and
Machida(２００６),tobesummarizedasfollows.

(１)Themostprimitiveconditioniswhennodefinite
functionalspecializationhastakenplacebetweenthe
embryoandembryonicmembrane,whichisrepresented
bytheserosa,concerningdorsalclosureandsecretionof
thecuticulareggenvelope.Suchacondition,shownin
candidatesofthehexapodsistergroupMyriapodaor
Crustacea,isregardedasthemostplesiomorphicwithin
Hexapoda,andisrepresentedonlybyProtura.(２)In
advanceofProtura,theembryonicmembrane(serosa)
ceasesparticipationindefinitivedorsalclosure(i.e.,
differentiationintothebodyelement).Consequentlythis
taskisperformedexclusivelybytheembryo,andthe
functionofdorsalclosurebytheembryonicmembraneis
restrictedtoprovisionaldorsalclosure.(i)InCollembola,
theembryonicmembraneremainstoberepresentedby
theserosa,but(ii)inDipluraandEctognatha,asecond
embryonicmembraneisacquired,andprovisionaldorsal
closureistemporallyachievedbytheserosaandamnion.
(３)InEctognatha,theembryolosestheabilitytosecrete
thecuticulareggenvelope,resultinginacquisitionofthe
embryonicmembranefold(serosaloramnioserosal)for
thesakeofcuticularsecretionbeneath(ventrallyto)the
embryo.Themostprimitiveconditionisrepresentedby
Archaeognatha,inwhichtheembryonicmembranefold
isephemeralin structure.(４)In Dicondylia,the
embryonicmembranefoldortheamnioserosalfoldis
wellintegratedinembryogenesis,andthe‘amnioserosal

fold–amnioticcavitysystem (ASF–ACsystem)’is
established.Themostprimitiveconditionisrepresented
byZygentoma,inwhichtheformationoftheASF–AC
systemisstillflexible.(５)Finally,inPterygota,thereisa
closelinkbetweentheformationoftheembryonic
membranefoldandproductionoftheamnion,and
formationoftheASF–ACsystemisfixed.

Tentativeconclusionandperspectives
Figure１isatree,onwhichthecriticalsteps

concerningtheevolutionarytransitionoftheembryonic
membranesmentionedintheprevioussectionare
mapped,eachofwhichmaybeevaluatedasthe
autapomorphyforeachclade.BothtaxaDicondyliaand
Ectognathaaresupportedaswellassuggestingasister
grouprelationshipofDipluraandEctognatha.Onthe
otherhand,notonlyareEntognathadismissed,but
HexapodaandEllipuraarenotpositivelysupported
either.Asaforementioned,theembryonicmembrane
(serosa)ofProturaretainsaveryprimitivecondition,
comparabletothatoflowerarthropodsortheMyriapoda
orCrustacea,differentfromthatofotherhexapodsor
Collembola,DipluraandEctognatha.Indiscussingthe
affinityofProtura,weshouldpaymuchmoreattentionto
more primitive arthropodssuch asMyriapodaor
Crustacea.
Forphylogeneticalreconstructionofhexapodbasal

clades,themostimportanttaskistheaccumulationof
embryologicalinformationonProtura.Criticalembryo-
logicalreexaminationsofCollembolaarealsodesired,for
whichembryologicalknowledgeshouldbereexamined
andtestedusingtheframeworkfollowedhere.Dipluran
Dicelluratalikewisedeservecomprehensiveembryologi-

Fig.１ Reconstructionofhexapodbasalcladesinthelightofevolutionarychangesofembryonicmembranesandfunctionalspecializationinthe
embryoproperandembryonicmembranes.Seethetext.



calstudy,sincewehavelittleclassicalembryological
knowledgeonthisgroup.
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